Introduction {#s1}
============

Histone phosphorylation plays a direct role in major cell events like mitosis, cell death, repair, replication and recombination ([@b2]). The same residue phosphorylation may have dual role. For example, histone H3 phosphorylations on Ser10 and Ser 28 were reported both in interphase where chromatin needs to be decondensed for transcriptional activation of genes, and in mitosis where chromatin condensation is necessary ([@b14]). Their definitive roles in these processes have not yet been elucidated.

In late G2 phase, the phosphorylation of histone H3 only occurs on pericentromeric chromatin. Then it spreads along the chromosomes and is complete in prophase. At the end of mitosis, histone H3 is dephosphorylated. Aurora kinase B is a well-known primary mitotic kinase responsible for histone H3 phosphorylation on Serine 10 and 28 ([@b2]).

Aurora kinases are a family of serine/threonine protein kinases that play a key role in mitosis progression ([@b3]; [@b38]). In human, three aurora kinases have been identified: A, B and C. Aurora A is first associated with centrosomes and then with spindle microtubules whereas aurora B is a chromosomal passenger protein travelling from centromeres to microtubules. Aurora A is required for centrosome duplication, entry into mitosis, formation of bipolar spindle and mitotic checkpoint ([@b13]; [@b31]; [@b33]). Aurora B is essential for chromosome condensation, kinetochore functions, spindle checkpoint activation and cytokinesis completion ([@b3]; [@b21]; [@b24]; [@b32]). Aurora C is mostly involved in spermatogenesis ([@b38]).

Both aurora A and B kinases are activated through interactions with their substrates or partners and priming by other kinases. Activation of aurora B occurs through a two-step mechanism: first, aurora B binds to the C-terminal IN-box sequence of INCENP and is then autophosphorylated at threonine 232 (Thr232) within its activation loop ([@b18]; [@b43]). In the second step, the kinase phosphorylates INCENP and is subsequently fully activated. Aurora kinase B activity is enhanced through its phosphorylation by Chk1 and priming of its substrates by Plk1 and Mps1 ([@b19]; [@b28]; [@b30]). Despite this description of the aurora kinase B activation, the physicochemical properties of the enzyme are poorly documented since aurora B itself has not been crystallized in the absence of inhibitors ([@b12]; [@b35]). Most of the available data derive from the study of the ATP-binding pocket of aurora A ([@b8]; [@b22]). The catalytic domains of human aurora-A and aurora-B are 76% identical at the primary sequence level, and just differ by three amino acids in their ATP-binding sites. With the aim to derive specific kinase inhibitors, efforts are devoted to the description of the different conformations adopted by the ATP-binding sites.

Aurora kinases A and B, exclusively expressed in mitosis, are over-represented in many cancers, including primary colon and breast cancers ([@b34]; [@b38]). In the light of these observations, aurora kinases have emerged as potential promising targets in the development of anti-cancer therapy and small molecule inhibitors of aurora kinase have been identified ([@b9]; [@b11]; [@b15]; [@b17]; [@b36]). Several of these ATP-competitive inhibitors are currently in clinical development. Preliminary data from clinical trials generally indicate disease stabilization, the best response being achieved in solid tumours or in refractory chronic myeloid leukemia ([@b4]; [@b20]; [@b40]).

Besides their possible efficiency in therapy, aurora kinase inhibitors are tools for describing these enzymes. In a previous study, we found that benzo\[e\]pyridoindoles are potent ATP-competitive inhibitors of aurora kinases ([@b17]). *In vitro*, they inhibited aurora kinases at nanomolar range; in cells, they prevented mitosis progression. In this study, playing with these aurora kinase inhibitors, we showed that the phosphorylation of histone H3 (Ser10 and 28) is not a prerequisite for chromosome assembly and is accounted for by basal aurora kinase B activity. Moreover, at anaphase onset, the compaction of DNA was also perturbed by low concentrations of ATP competitive inhibitors. These data revealed modifications of the ATP-binding site of aurora kinase B during mitosis and their consequences are discussed.

Results {#s2}
=======

By high throughput screening, we found that benzo\[e\]pyridoindoles are potent aurora kinase inhibitors ([@b17]). *In vitro*, they prevented histone H3 phosphorylation on Ser10. C1 was the first hit and C4 was the fourth inhibitor of this series. The efficiency of molecules C1 and C4, at two different concentrations, is recalled in [Fig. 1A](#f01){ref-type="fig"}. C1, the more potent of the two molecules, was already shown to be an ATP competitive inhibitor of aurora kinase B that prevents mitosis progression ([@b17]). By immunofluorescence, we showed that histone H3 phosphorylation was fully inhibited in all mitotic cells by C1 (1 µM) but only in prophase by C4 (3 µM) ([Fig. 1A](#f01){ref-type="fig"}).

![Delay of histone H3 phosphorylation at mitotic entry upon C4 treatment.\
(**A**) C1 and C4 are two benzo\[e\]pyridole inhibitors of the catalytic domain of aurora kinase A ([@b17]). Molecules and their efficiency *in vitro* towards aurora A catalytic domain are recalled ([@b17]). These data derived from the high throughput screening performed under non-saturating conditions. *In vitro*, IC~50~ of C1 towards aurora A, B are 61 nM and 31 nM respectively ([@b17]). Immunofluorescences of histone H3 (Ser10) phosphorylation on HeLa cells treated by either C1 (1 µM) or C4 (3 µM) are represented; Histone H3 (Ser10) phosphorylation is shown in green whereas DNA is in red. Both prophase and pro-metaphase are imaged and compared to control cells. (**B**) Immunofluorescence of Histone H3 (Ser10 and Ser 28) phosphorylations on MPM2 positive HeLa cells. (**C**) Analysis of the percentage of positive histone H3-phospho Ser 10 at mitotic entry. Two independent experiments were conducted and 100 cells in G2/prophase scored in each. (**D**) Western blots were realized on cells synchronized by a MG-132 block and then released for 3 hours. Histone H3 (Ser10 and Ser 28) phosphorylations were analyzed. The same membrane was also revealed using an antibody against aurora kinase B for estimation of the amount of mitotic cells.](bio-02-04-379-f01){#f01}

MPM2 recognizing phospho-mitotic epitopes allowed the detection of early mitotic cells. The normal MPM2 signal in the presence of C4 demonstrated that C4 did not induce an overall inhibition of phosphorylation in prophase, but only inhibited histone H3 phosphorylation on both Ser 10 and 28 ([Fig. 1B](#f01){ref-type="fig"}). At the concentration of 3 µM, C4 completely abolished histone H3 phosphorylation since 94±4% of the cells in G2/prophase were scored negative with this marker ([Fig. 1C](#f01){ref-type="fig"}). This inhibition was further confirmed by immunoblotting with the reduction of Ser 10 and Ser 28 phospho-histone H3 signals in C4 treated cells ([Fig. 1D](#f01){ref-type="fig"}).

By immunoblotting, we followed the appearance of histone H3 phosphorylation on Ser 10 and Ser 28 in synchronized cells ([Fig. 2A](#f02){ref-type="fig"}). These signals were reduced in C4 treated cells, at mitotic entry, but they were quite similar to control cells, 8 hours later ([supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)), showing that C4 only inhibited the histone H3 phosphorylation at G2/prophase. Meanwhile, we did not observe any differences in activity of aurora kinases A and B. They were respectively evaluated through the autophosphorylation of aurora A and the phosphorylation of CenP-A on Ser 7, these two phosphorylations occurring upon priming by the partners ([Fig. 2A](#f02){ref-type="fig"}; [supplementary material Fig. S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)). By immunofluorescence, we noticed that, in prometaphase, under C4 treatment, although chromosomes were well-condensed, histone H3 was only partly phosphorylated ([Fig. 2B](#f02){ref-type="fig"}). The centromeres, detected through the survivin signal, were found positive for phospho-H3 whereas the chromosome arms were still mostly negative. This pattern is consistent with the enrichment of aurora kinase B on centromeres ([Fig. 2C](#f02){ref-type="fig"}). In the C4 treated cells, aurora kinase B was also found on the whole chromosomes in prometaphase ([Fig. 2C](#f02){ref-type="fig"}), co-localizing with survivin. In the presence of C4, the level of aurora kinase B was found similar to the control ([supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)).

![Histone H3 phosphorylation appears at prometaphase upon C4 treatment.\
(**A**) Western blots were realized on cells synchronized at mitotic entry in the presence of MG-132 and then released for varying times. Histone H3 (Ser10 and Ser 28) phosphorylations were analyzed in control (Co) and C4 treated cells (C4). The same membrane was also revealed using an antibody against α-tubulin for estimation of the amount of cells. The signals were quantified and the results are in [supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1). The phosphorylations of Cenp-A (Ser 7) and aurora kinase A (Thr 288) are also shown in control (Co) and C4 treated cells (C4). Aurora kinase B detection is used for estimation of the amount of mitotic cells. Its level was quantified using α-tubulin as internal standard ([supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1); [Fig. S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)). (**B**) Detection of histone H3 (Ser10) phosphorylation on control and C4 treated cells. Phospho-histone H3 is in green and DNA in red. On the same C4-treated cells, the histone H3 (Ser10) phosphorylation signal (in green) colocalized with survivin (represented in red). (**C**) Detection of aurora kinase B on prometaphasic cells. Z stacks were imaged and 3D-projections are shown. The settings were kept identical for both conditions.](bio-02-04-379-f02){#f02}

Time-lapse experiments on cells expressing fluorescent histone H2A suggested a delay in mitosis progression. The anaphase chromosome compaction was perturbed and lagging chromosomes were observed ([Fig. 3](#f03){ref-type="fig"}). Around 60% of cells in anaphase were scored abnormal under the treatment and only few in the control ([Fig. 6A](#f06){ref-type="fig"}). The screening was stringent; abnormal meant at least two chromosomes from one pole connected to one opposite chromosome. This segregation defects are thus a major consequence of the C4 treatment. Knowing that both aurora kinases A and B are key enzymes in anaphase ([@b25]; [@b16]), we looked to their localization. In late anaphase, we did not observe any modification of aurora kinase A localization whereas aurora kinase B was partly found in the midzone and on the chromatin ([Fig. 4A](#f04){ref-type="fig"}). At anaphase onset, passenger proteins like aurora kinase B and survivin are instantly transferred on microtubules when chromosomes start to segregate. Therefore we followed survivin and aurora kinase B localizations by time lapse ([Fig. 4B,C](#f04){ref-type="fig"}) during mitosis.

![Time lapse on mitotic cells.\
Mitotic Hek stably expressing histone H2A-GFP were continuously imaged. Z stacks were acquired and 3D-projections are shown. The settings were kept identical for all conditions. Representative control and C4 treated cells are shown and elapse times indicated on each image. Scale bar: 5 µm.](bio-02-04-379-f03){#f03}

![Consequences of chromosome compaction defects.\
(**A**) Localization of aurora kinases A and B by immunofluorescence in control and C4 treated cells. A late anaphase is imaged. (**B**) Time lapse on mitotic HeLa cells stably expressing survivin-GFP. Time-lapse microscopy of mitotic HeLa cells expressing the survivin-GFP fusion was performed in the absence (Control) or in the presence of C4 (at 3 µM). The compound was added to the cell culture and then mitotic cells were continuously imaged. Representative photos, made at the times indicated, are presented. For a better understatement, the shape of the cells is recalled by a white dotted line on each fluorescent image. Two independent experiments were conducted and at least 15 cells were followed in each. (**C**) Time lapse on mitotic HeLa cells stably expressing aurora B-GFP. The experiment described in B was reproduced with HeLa cells stably expressing aurora B-GFP. A representative cell is shown and the fluorescent signal is merged with the wide field image. Elapsed times are indicated. (**D**) Immunofluorescence was realized on HeLa cells expressing survivin-GFP. Cells in cytokinesis were imaged. The cell was labelled with phalloidin-TRITC in order to visualize its shape meanwhile aurora kinase B was revealed with antibodies.](bio-02-04-379-f04){#f04}

In control cells, survivin-GFP was transferred to microtubules and fully concentrated in the midbody ([Fig. 4B](#f04){ref-type="fig"}). Conversely in the C4 treated cells, survivin-GFP was present mostly on microtubules but fluorescence was detected outside the midzone ([Fig. 4B](#f04){ref-type="fig"}, indicated by arrows). Finally the survivin signal was also detected outside the midbody in cytokinesis. The localization of aurora B-GFP was found very similar to survivin-GFP and again the kinase was partly mis-localized in late anaphase and telophase ([Fig. 4C](#f04){ref-type="fig"}). The partial mislocalization of passenger proteins was confirmed by immunofluorescence ([Fig. 4D](#f04){ref-type="fig"}). Survivin and aurora kinase were mostly concentrated in the midbody but the passenger complex was also detected on the plasma membrane. The shape of the cell was highlighted by phaloidin labelling ([Fig. 4D](#f04){ref-type="fig"}). Other major actors of cytokinesis like MKPL1 were also partly delocalized in the vicinity of the passengers (data not shown). We found that tubulin was disorganized in the midzone ([supplementary material Fig. S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)), it may be a consequence of the presence of lagging chromosomes in this area.

The next question was whether cells could complete mitosis and progress in the cell cycle upon C4 treatment. We determined by FACS the repartition of the cells, at different times of treatment ([Fig. 5](#f05){ref-type="fig"}; [supplementary material Table S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)). The C4 treatment did not significantly modify the timing of mitotic entry ([Fig. 5](#f05){ref-type="fig"}; 4 hours) but delayed mitosis exit ([Fig. 5](#f05){ref-type="fig"}; 8 and 10 hours). In the presence of C4, we did not observe any increase of cell ploidy and the cell viability was also not affected ([Fig. 5](#f05){ref-type="fig"}; [supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1)). Thus, benzo\[e\]pyridoindole C4 targeted mostly mitotic events.

![Cell cycle progression upon C4 treatment.\
FACS analyses show the repartition of synchronized HeLa cells treated by either C4, at the concentration of 3 µM, for 4 (**A**), 8 (**B**) and 10 (**C**) hours in comparison to non-treated cells. DNA was stained with propidium iodine and the samples were analyzed with the BD Accuri C6 flow cytometer (BD Biosciences, US). The percentage of cells in the different phases is indicated in [supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20133079/-/DC1).](bio-02-04-379-f05){#f05}

We wonder whether chromosome compaction defects could be a consequence of the absence of histone H3 phosphorylation, at mitosis entry. To address this question, we synchronized cells in prometaphase and we treated them by C4 at two separated stages: before and (or) after prometaphase ([Fig. 6](#f06){ref-type="fig"}). Cells treated by C4 upon prometaphase release had a normal phospho-histone H3 level but exhibited a high percentage of anaphase chromosome compaction defects (around 40%). Conversely, cells that entered into mitosis in the presence of C4, and were released from prometaphase in its absence, recovered and showed only 11.5% of lagging chromosomes in anaphase ([Fig. 6A](#f06){ref-type="fig"}). Consequently the absence of histone H3 phosphorylation in prophase and the chromosome compaction defects in anaphase were two independent actions of the molecule C4. As aurora kinase B is the main kinase phosphorylating histone H3 on Ser 10 and 28 and is also involved in chromosome compaction ([@b25]), we hypothesised that C4 targeted a low ATP dependent activity of aurora kinase B. If so, the observed defects could be reproduced with other aurora kinase inhibitors at low concentrations.

![Quantification of the mitotic defect induced by C4.\
(**A**) Abnormal anaphases presenting connecting chromosomes were scored by immunofluorescence. DNA was labelled by Hoechst. Cells were synchronized in prometaphase by nocodazole (0.33 µM) for 16 hours and anaphase was induced upon release (post-anaphase onset, 3 hours). Compounds C4 (3 µM) and VX-680 (0.1 µM) were present in different steps: either in (pro)metaphase (1) and (or) post-metaphase (2). In assays A, compounds were added in both steps (1) and (2). In assays B, compounds were only present in prometaphase and were then withdrawn in (2); conversely in assays C, compounds were added after metaphase (step 2). Co means control experiments without compound. Control assays in the absence of compounds are in D. A view of the course of the experiment is shown. Around 200 mitotic cells were analysed in each condition and two independent experiments were conducted. (**B**) The percentage of phospho-histone H3 (Ser 10) was defined by immunofluorescence, in both prophasic and metaphasic HeLa cells treated either by C4 (3 µM), C1 (0.5 µM) or VX-680 (the concentration of VX-680 varied from 0.05 µM to 0.4 µM). Cells were scored as positive, negative or intermediate. Intermediate signal means a significant reduction of the phosphorylation compared to the control. Around 100 cells were scored in each assay and two independent experiments were conducted.](bio-02-04-379-f06){#f06}

In cells treated by C4 (3 µM), only 4% of the cells in prophase were positive for histone H3 phosphorylation, 67% had few positive dots, and 29% were negative whereas all the cells in metaphase were scored positive ([Fig. 6B](#f06){ref-type="fig"}). When cells were treated by a low concentration of benzo\[e\]pyridoindole C1 (0.5 µM), a known aurora kinase inhibitor ([@b17]), we observed a decrease of histone H3 phosphorylation in prophase (60% were negative and 40% scored intermediate) whereas histone H3 was fully phosphorylated in metaphase ([Fig. 6B](#f06){ref-type="fig"}). Taking into account that C1 and C4 belong to the same family of molecules and in order to avoid the possible involvement of a common off-target, we reproduced the experiment with varying concentrations of VX-680, a reference ATP-competitive aurora kinase inhibitor ([@b15]). At 50 nM and 100 nM, VX-680 prevented histone H3 phosphorylation in prophase but not in metaphase ([Fig. 6B](#f06){ref-type="fig"}). We searched for chromosome compaction defects, at anaphase onset, upon VX-680 (0.1 µM) treatment ([Fig. 6A](#f06){ref-type="fig"}) and found that 58% of the anaphasic cells exhibited lagging chromosomes. Again these defects were independent of the inhibition of H3 phosphorylation at mitotic entry and appeared when prometaphasic cells were released in the presence of VX-680 (around 48% of abnormal anaphases, [Fig. 6A](#f06){ref-type="fig"}).

As benzo\[e\]pyridoindoles C1 and C4 as well as VX-680 are pan-aurora kinase inhibitors, we checked whether AZD-1152, a selective inhibitor for aurora kinase B, could fully reproduce the observed effects. At the concentration of 25 nM, AZD-1152 induced a delay in mitosis exit ([Fig. 7A](#f07){ref-type="fig"}) but cells could then start a new cycle. When cells entered into mitosis, histone H3 (S10) was not phosphorylated ([Fig. 7B](#f07){ref-type="fig"}), the phosphorylation signal was then detected near centromeres ([Fig. 7C](#f07){ref-type="fig"}) and it was found maximal in metaphase ([Fig. 7B](#f07){ref-type="fig"}). We have noted the presence of lagging chromosomes and the partial mis-localization of aurora kinase in late anaphase ([Fig. 7D](#f07){ref-type="fig"}). When AZD-1152 was added upon metaphasic release, around 30% of the anaphase exhibited lagging chromosomes. Therefore the mitotic defects induced by C4 were mostly accounted for by aurora kinase B. However, the possible participation of aurora kinase A in the anaphase compaction defects upon C4 treatment cannot be dismissed.

![Effect of low concentrations of AZD1152.\
(**A**) Cell cycle progression upon AZD1152 treatment FACS analyses show the repartition of synchronized HeLa cells treated by either AZD1152, at the concentration of 25 nM, for 4, 8 and 10 hours in comparison to non-treated cells. DNA was stained with propidium iodide and the samples were analyzed with the BD Accuri C6 flow cytometer (BD Biosciences, US). (**B**) Immunofluorescence of HeLa cells treated by AZD1152, for 15 hours, at the concentration of 25 nM. Centromeres are revealed in green, histone H3(S10) phosphorylation (H3S10-P) is in red, α-tubulin in far red and DNA in blue. Control cells are shown on the right, H3(S10) phosphorylation (H3S10-P) is in red and DNA in blue. Cells **a** and **d** are in metaphase, **b** in prophase and **c** in prometaphase. (**C**) Same experiments as in B. Centromeres are detected by a specific antibody and represented in green. Two different prometaphasic cells are imaged. For an easy visualisation of the colocalization, an enlarged merge is shown in one case. Control cells are shown on the right, H3(S10) phosphorylation (H3S10-P) is in red and DNA in blue. (**D**) Cells were synchronized by nocodazole and imaged 3 hours after release. Most of the cells in anaphase (around 30%) present compaction defects. Aurora kinase B is revealed in red, DNA in blue, α-tubulin in green. A control cell is shown on the right, aurora kinase B is in red, DNA in blue.](bio-02-04-379-f07){#f07}

Our data suggest that aurora kinase B is submitted to activation waves. Previously we showed, by FRAP experiments, that the chromosomal passenger complex could adopt different conformations ([@b7]; [@b6]). Whereas aurora kinase B is immobile all along mitosis, survivin is only mobile in (pro)metaphase. As shown in [Fig. 8](#f08){ref-type="fig"}, INCENP was found mobile in G2/prophase when the partners were immobile. Then, in prometaphase and metaphase, survivin was mobile conversely to others, and finally the complex was stuck on microtubules. Therefore the binary data analysis, which defined mobile and immobile proteins, reveals that the basal activity of aurora kinase B correlates to conformational changes within the chromosome passenger complex. The low-ATP activity is first observed when the CPC moves from pericentromeric chromatin to centromeres and similarly, shortly after its transfer to microtubules ([Fig. 8](#f08){ref-type="fig"}).

![Compared mobilities of passenger proteins in G2/M-prophase, metaphase and anaphase.\
FRAP experiments were performed on HeLa cells stably expressing GFP-INCENP or survivin-GFP or aurora kinase B-GFP. The bleached zone is indicated by the dotted line. The recovery of fluorescence was registered at the times indicated and expressed as relative intensities. The kinetics of recovery are shown on the right side of the cell images. Time is in seconds. Survivin and aurora recovering are already published ([@b6]; [@b7]) and recalled in the figure for comparison. The localization of passenger proteins during mitosis progression is indicated as well as the timing of efficiency of C4 (from G2/M to prometaphase and at anaphase onset). The proposed variations of aurora kinase B affinity for ATP are visualized with arrows.](bio-02-04-379-f08){#f08}

Discussion {#s3}
==========

Successful cell division requires the temporal and spatial integration of chromosomal and cytoskeletal events. One key integrator is the chromosomal passenger complex (CPC) composed of INCENP, aurora kinase B, borealin, and survivin (reviewed by [@b39]). Spatially regulated activity of the CPC is essential for the correction of kinetochore microtubule attachment errors, bipolar spindle stability, and completion of cytokinesis ([@b39]). Aurora kinase B is the unique enzymatic member within the complex; it phosphorylates numerous substrates, during mitosis, such as histones H3 and CenP-A, as well as its partners (INCENP and survivin). Aurora B is known to reach different levels of activations through interactions with CPC members and by phosphorylations ([@b18]; [@b19]; [@b28]; [@b30]; [@b43]). How these different activation steps are related to the mitotic activities is poorly documented. Recently, by incorporating mutant INCENP, Xu et al. revealed that the full activation is at least required for transferring the CPC to the midzone at anaphase onset ([@b41]).

When studying the benzo\[e\]pyridoindole aurora kinase inhibitors, we noticed that some compounds like C4 only inhibited histone H3 phosphorylation in prophase. Then phospho-histone H3 reached its normal level in prometaphase. We reproduced this transitory inhibition by decreasing the concentration of potent aurora kinase inhibitors. These inhibitors being ATP competitive inhibitors, it means that, in prometaphase, a shift occurring in the catalytic domain of aurora B modifies its affinity for ATP. We noticed that the compound C4 (8-H) differed from the counterpart C1 (8-Et) by the absence of an alkyl group on the summit 8. The largest molecule was found to better fit with the ATP binding site. The activation loop of aurora kinase B contains a DFG (Asp-Phe-Gly) motif like most AGC kinases. But it seems that in aurora kinases, this ATP-binding motif could adopt more complex conformations; a DFG-up conformation was described for aurora kinase A in addition to the active DFG-in and the inactive DFG-out states ([@b8]; [@b22]). The existence of this unusual conformation in aurora B and its possible involvement in the observed shift of affinity for ATP remain to be investigated.

Conversely to what was observed when BubR1 or Melk are inhibited, inhibition of aurora kinase did not accelerate the timing of mitotic entry ([@b27]). We observed that cells still assembled chromosomes in the absence of phospho-histone H3. The role of this epigenetic mark is still in debate. *In vitro* assays demonstrated that the phosphorylation is not required for chromosome condensation in *Xenopus* egg extracts ([@b5]). *In vivo* experiments, in *Drosophila*, revealed a very weak correlation between the level of histone H3 phosphorylation and the degree of chromosome compaction ([@b1]). Our group has postulated that the mark was a ready-to-go label that implied no relationship between chromosome condensation and histone H3 phosphorylation ([@b14]; [@b29]). Once the cell has arrived in metaphase its chromosomes should be phosphorylated, and this is independent of their state of condensation ([@b14]). In this study we observed the spreading of the phosphorylation on well-organized chromosomes. The absence of mitotic consequences of this delayed phosphorylation favours the label hypothesis for the role of H3 phosphorylation.

Benzo\[e\]pyridoindole C4 as well as low concentrations of C1 or VX-680 or AZD-1152 revealed the basal activity of aurora kinase B. The two independent consequences of the inhibition of basal activity are the absence of phosphorylation in prophase and chromosome compaction defects in anaphase. Aurora kinase B full activation was not required for H3 phosphorylation, this fits with the observations of Xu and collaborators ([@b41]). By preventing INCENP expression, they mildly decreased histone H3 phosphorylation. Xu et al. reported a gradient of kinase activity when mitosis progressed whereas Tan and Kapoor described the existence of gradients of phosphorylation of CPC substrates ([@b37]; [@b41]; [@b42]). The use of competitive inhibitors suggests at least two activation waves of aurora kinase B, the basal activity seems sufficient in prophase and post anaphase onset. Similarly, low level of cyclin B1--cdk1 activity was found to be required during prophase compared to later mitotic steps ([@b10]). As a consequence aurora kinase B exhibited a full activity in prometaphase and metaphase as required for transferring the CPC from centromere to microtubule ([@b23]; [@b41]). The observed chromosome compaction defects, in anaphase, in the presence of low-ATP competitors, revealed a shift to basal activity when the kinase lies on microtubules. These different steps correspond to different CPC conformations as revealed by FRAP experiments.

The induction of lagging chromosomes at anaphase onset by low concentration of kinase inhibitors is somewhat worrying. The consequences might be the loss of midbody proteins, a non-identical repartition of proteins, the induction of aneuploidy or DNA mislocalization in the daughter cells. These drawbacks are important since the inaccurate localization of DNA in the nucleus impairs gene expressions ([@b23]). This situation may be encountered, at distance from the treatment, in patients treated by aurora kinase inhibitors if long lived compounds are used.

In conclusion, the perturbation of protein kinases with small inhibitors is a powerful approach to dissect kinase function in complex biological systems. In the presence of low-ATP competitors of aurora kinase, cells entered into mitosis without the main mitotic epigenetic mark, the phosphorylation of histone H3, confirming its non-essential role in chromosome assembly. Aurora kinase B activity was found at basal level in prophase, fully activated on centromere and reduced again on microtubules. These waves of activation/deactivation correspond to different conformations of the CPC as described by FRAP.

Materials and Methods {#s4}
=====================

Materials {#s4a}
---------

VX-680 was purchased from Kava Technology, Inc. MG132, thymidine, nocodazole, phalloidin-TRITC, propidium iodide and AZD-1152 were from Sigma--Aldrich. RNase A was supplied by Euromedex. Benzo\[e\]pyridoindole synthesis and characterization were already described ([@b17]; [@b26]).

Cell lines {#s4b}
----------

HeLa cells and Hek-293 were cultured in growth medium (DMEM 1 g/l of glucose with 10% heat-inactivated foetal bovine serum (Gibco--Invitrogen), 2 mM L-glutamine, 100 UI/ml penicillin--streptomycin) at 37°C in a humidified atmosphere with 5% CO~2~.

HeLa cells stably expressing survivin-GFP or aurora kinase B-GFP or INCENP-GFP and Hek-293 expressing histone H2A-GFP were already described ([@b7]; [@b6]; [@b17]).

HeLa cells were synchronized at S phase by serum deprivation for 2 days followed by a thymidine block (3 mM) for 20 hours. After PBS washing, cells were then either allowed to grow in normal conditions or arrested at mitosis entry by MG132 treatment (3 hours, 10 µM). HeLa cells were synchronized in prometaphase by nocodazole (0.33 µM).

Immunofluorescence {#s4c}
------------------

Hela cells grown on glass coverslips were treated by C4 (3 µM), AZD1152 (25 nM) or DMSO (control) in different trials and then fixed by formaldehyde 4% for 10 minutes at 37°C. Immunofluorescence was performed as described previously ([@b6]). Coverslips were incubated with the antibodies directed against the following antigens: phospho-histone H3-Serine10 (Upstate, 1:2000); phospho-histone H3-Serine 28 (Upstate, 1:2000); aurora kinase B (Epitomics, 1:2000); phospho-MPM2 (Milipore, 1:1000); human anti-centromere HCT-0100 (Immunovision, 1:2000); aurora kinase A (Abcam, 1:1000); α-tubulin (Sigma, 1:1500). Actin was stained by phalloidin-rhodamin (1 µg/ml). DNA was visualized with Hoechst 33342 (Sigma, 0.5 µg/ml). Images were collected with a ZEISS 710 Laser Scanning Confocal microscope with a 63× immersion oil objective. Slices of 0.5 µm are shown.

Western Blot {#s4d}
------------

Synchronized cells were treated by C4 (3 µM) or DMSO (control) for 3, 4, 6 and 8 hours, then harvested and lyzed in 9M urea, finally supplemented with Laemmli sample buffer as described previously. Western blots were performed using the following antibodies: rabbit anti-phospho-histone H3 (Ser10) (Upstate, 1:2000); rabbit anti-phospho-histone H3 (Ser28) (Upstate, 1:1000); rabbit anti-aurora B (Epitomics, 1:5000); rabbit anti-phospho-aurora A (Thr288) (Cell Signaling, 1:1000); rabbit anti-phospho-CENP-A (Ser 7) (Cell Signaling, 1:1000). Bands were visualized by horseradish peroxidase labelled antibodies and ECL technique (Amersham Bioscience). Images were observed by ChemiDoc MP system (Biorad).

Cell cycle analysis {#s4e}
-------------------

HeLa cells were synchronized at S phase. After release, they were treated by C4 (3 µM), AZD1152 (25 nM) or DMSO (control) for 4, 8, 10, 12, 25 and 30 hours. For determination of cell cycle profiles, cells were fixed by ice-cold 70% ethanol, for 1 hour, and then, incubated with propidium iodide solution (50 µg/ml) in the presence of 0.2 mg/ml RNase A for 15 minutes, at 37°C. DNA content was measured using the BD Accuri C6 flow cytometer (BD Biosciences, US) and CFlow Plus software.

Time lapse {#s4f}
----------

*Ex vivo* experiments were conducted on cells grown on Lab-Tek chambered coverglass (Nalge Nunc International) and maintained under standard culture conditions (37°C, 5% CO~2~). Images were acquired on a Zeiss dynascope confocal microscope using a PlanApochromat 40× water immersion objective. Images were analyzed with the Zen software provided by Zeiss.

FRAP {#s4g}
----

Cells were grown on Lab-Tek chambered coverglass (Nalge Nunc International). For imaging, cells were maintained at 37°C on a temperature and CO~2~ controlled stage. Photobleaching was performed, as described ([@b6]; [@b7]), on a ZEISS LSM510 system using a PlanApochromat 40× water immersion objective. GFP was excited with a 488-nm Argon2 laser (power varying from 0.1 to 1%). For FRAP (Fluorescence Recovery After Photobleaching) experiments, outlined regions were bleached by 10 iterations of a full power laser and recovery was monitored every 20 seconds for ∼4--5 minutes. Fluorescence intensities were quantified with homemade software and bleaching due to the acquisition was corrected. It was less than 10% in all experiments. Arbitrarily, the intensity of the region prior to bleaching was set at 1 while that of the background was set at 0. Relative intensities are represented as a function of time. Data were recovered in two independent experiments and 8 to 10 cells were followed in each mitotic stage. In mitotic cells, movement of fluorescent objects could be wrongly interpreted as a recovery of fluorescence. Therefore, as already described ([@b6]), we performed 3D-reconstitution all along the experiment.
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